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Understanding the mechanisms of deformation and failure of soils is essential in geotechnical engineering. In particular, strain localisation is a
key issue for the failure of soils. In laboratory mechanical testing, localised deformation can be investigated efﬁciently through full-ﬁeld
measurements of displacement and strain in soil specimens. The objective of this study is to investigate the deformation and the failure of a soil
under triaxial compression using in situ X-ray (i.e., X-ray scanning during the loading test) computed tomography (CT) and digital image
correlation (DIC). This paper is concerned with the characterisation of internal strains and with strain localisation patterning in wide-grained sand
undergoing triaxial compression at different conﬁnement pressures using Three Dimensional (3D) volumetric DIC. Complete 3D images of
specimens have been recorded at several stages throughout the triaxial tests and analysed using 3D volumetric DIC in order to obtain 3D
incremental displacement and strain ﬁelds. Based on the results of the combined X-ray tomography and DIC, the deformation process and
especially the strain localisation are quantitatively characterised in space and time under different triaxial compression conditions.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Understanding the mechanisms of deformation and failure
of soils is essential in geotechnical engineering. In particular,
strain localisation is a phenomenon commonly observed in
granular materials in cases of soil failure. A better under-
standing of the stability of soils or the interaction between soils
and structures is key to preventing soil failure. Various0.1016/j.sandf.2015.06.020
5 The Japanese Geotechnical Society. Production and hosting by
g author.
ss: takano-d@pari.go.jp (D. Takano).
der responsibility of The Japanese Geotechnical Society.experimental, theoretical, and numerical studies concerning
strain localisation have been presented in the literature. In
experimental approaches, the localised behaviour from the
micro- to macro-scale can be quantitatively evaluated through
full-ﬁeld measurements of the displacement and strain ﬁelds in
soil specimens under load (for an overview see, for example
Viggiani and Hall (2008). Digital image correlation (DIC) is a
powerful tool in experimental mechanics that has been
increasingly used in recent years (see reviews in Withers,
2008; Bay, 2008 for example). This method provides full-ﬁeld
measurements of kinematics and strains at the surface of an
object or within an object during its deformation. On the otherElsevier B.V. All rights reserved.
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Fig. 1. Relationship between CT value and density of samples.
Fig. 2. Triaxial apparatus mounted on the rotation table of the scanner.
D. Takano et al. / Soils and Foundations 55 (2015) 906–915 907hand, X-ray computed tomography (CT) is a visualisation tool
that allows observation of the internal 3D structure of materials
and has been applied to study localised deformations of
geomaterials during the last two decades (e.g., Desrues et al.,
1996; Alshibli et al., 2000; Otani et al., 2002; Lenoir et al.,
2007; Hall et al., 2010a; Higo et al., 2011). The combination of
X-ray tomography and 3D strain ﬁeld measurements in
granular media, including particle displacements, has also
been presented (e.g., Yamamoto and Otani, 2001; Nielsen
et al., 2003; Matsushima et al., 2007; Hall et al., 2010a; Higo
et al., 2013).
In a previous study (Watanabe et al., 2012), particle tracking
was conducted under triaxial compression on wide-graded
sand based on X-ray tomography data. The experiment was
conducted using a specimen with a standard size of geotech-
nical engineering. As a result, typical soil particles were
extracted from CT images and the movements of these
particles were traced using the proposed grain tracking
method. Finally, the displacement ﬁeld in the specimen was
visualised for various increments of deformation. However,
several queries have arisen from this study. The highlighted
behaviour does not seem to truly represent the behaviour of the
soil because only a restricted number of particles were traced
in the CT images. Moreover, it was difﬁcult to evaluate the
strain ﬁeld because of the discretely distributed displacement
vector. The present study addresses these issues by combining
X-ray imaging and the DIC full-ﬁeld displacement measure-
ment method. The objective of this study is to characterise the
evolution of the internal displacement and strain ﬁelds and the
strain localisation patterning in a soil specimen having a
standard size of geotechnical engineering. This is achieved
using triaxial compression at different conﬁning pressures,
with in situ X-ray (i.e., with X-ray scanning during the loading
test) computed tomography (CT) and 3D volumetric DIC (3D-
VDIC). Complete 3D images of the specimens were recorded
at several stages throughout the tests and analysed using 3D-
VDIC in order to obtain 3D incremental displacement and
strain ﬁelds. Based on the results of the combined X-ray
tomography and 3D-VDIC, the deformation process and the
strain localisation evolution are quantitatively characterised in
space and time under different triaxial compression conditions.
2. Materials and methods
2.1. X-ray tomography
X-ray tomography, originally developed for medical inves-
tigation, has been increasingly applied to engineering research
ﬁelds, such as geomechanics, geotechnical, and geoenviron-
mental. X-ray tomography is a non-destructive technique that
allows imaging and the quantiﬁcation of the internal features
of an object in three dimensions. The method reveals differ-
ences in density and atomic composition. As the ﬁrst step of
this method, X-ray radiographic projections of a specimen are
recorded at several angular points. Virtual slices are then
reconstructed from these projections using appropriate algo-
rithms, which are either algebraic or based on the back-projection principle (Kak and Slaney, 1988). The volume
image of the specimen can be reconstructed by stacking
several sequential virtual slices. A reconstructed slice consists
of the spatial distribution of the so-called “CT value”, which is
calculated from the coefﬁcient of absorption deﬁned in
accordance to the following equation:
CTvalue¼ μtμw
μw
K; ð1Þ
where μt is the coefﬁcient of absorption at the scanning point,
μw is the coefﬁcient of absorption for water, and K is a constant
(Hounsﬁeld value) and ﬁxed at a value of 1000 in the
apparatus used. As shown in the literature (e.g., Higo et al.,
2011), the CT value is linearly related to material density even
if the material has a heterogeneous structure as a geomaterial.
Fig. 1 shows the CT values of the specimen as a function of
the average density obtained by the X-ray CT system used in
this study, under the same scanning conditions (e.g., the
voltage was 150 kV, the electric current was 4 mA, the
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Fig. 3. Grain size distribution of Yamazuna sand.
D. Takano et al. / Soils and Foundations 55 (2015) 906–915908diameter of the samples was 50 mm, and all the samples were
placed in the triaxial cell). The air-dried Yamazuna sand
specimens had three different bulk densities, which were
1600, 1620, and 1640 kg/m3 (with corresponding void ratios
of 0.684, 0.664, and 0.643), respectively. The CT values of air
and water were obtained by scanning an acrylic cylinder (the
wall thickness was 2 mm and the inner diameter was 50 mm)
ﬁlled with air or water. Although the CT value is affected by
both the intrinsic density of the material and its atomic
composition, a linear relationship between the CT value and
the average density of the sample has been established. This
density depends on the scanning conditions, including the X-
ray attenuation, and the size and shape of the tested specimens,
including the soil containers. Therefore, the size and shape of
the scanned materials need to be ﬁxed for all comparative
studies.
2.2. Test setup and material tested
In this work, an industrial X-ray CT scanner, at the X-Earth
Center at Kumamoto University, was employed to acquire 3D
volume images of the triaxial specimens. In situ triaxial
compression tests (loading and scanning at the same time)
were performed under drained conditions on a series of sand
specimens. The triaxial apparatus was specially designed for
X-ray scanning and was mounted on the rotation table of the
scanner as shown in Fig. 2. The triaxial apparatus has the
following speciﬁc features:1) It is light weight and compact so that it can be used directly
on the rotation table of the scanner in the shielded room2) To avoid interruption of the propagation of the X-ray
photons in the soil, there are no obstacles around the
triaxial cell, such as steel frames and leads of measuring
equipment3) All testing is controlled automatically using a computer
program because all operations must be conducted in an
isolated shield room
The details of the triaxial apparatus and X-ray scanner can
be found in Otani et al., 2002. The Yamazuna sand was the
sand studied in this work. This sand has a wide-grain size
distribution as shown in Fig. 3. The minimum particle size was
0.001 mm and the maximum was 10 mm with a D50 of about0.54 mm. Note that the grain size distribution was obtained by
sieve for particles over 75 μm, and sedimentation analysis for
particle sizes under 75 mm. The size of the specimen was
50 mm in diameter and 100 mm in height with a dry density of
1630 kg/m3 (relative density Dr¼90%). In preparing samples,
a negative pressure was ﬁrst applied to the rubber membrane.
The soil specimen was then made with a total of ﬁve layers.
Each layer was tamped 20 times. The triaxial tests were
conducted under air-dried conditions. After preparing the
specimen, the apparatus was put on the rotation table in the
CT scanner and a triaxial compression test was conducted
under drained conditions. The axial strain rate equalled 0.3%/
min and was kept constant. Conﬁning pressures of 50 kPa and
150 kPa were applied to the two test specimens. The speci-
mens were scanned during the tests to obtain full 3D volumes
during the process of compression at different axial strain
levels. These were 0, 4, 7, 11, and 15%. During each
tomography scan, the loading was paused and the drainage
connection was closed. For the CT scanning, the voltage used
was 150 kV and the electric current was 4 mA. The size of the
CT image voxels was 0.073 0.073 0.3 mm3. The specimen
was scanned in continuous 2D sections from the bottom to the
top in order to obtain a 3D image of the entire specimen.2.3. Digital image correlation
DIC techniques have been increasingly used over the last 20
years in studies of the mechanics of a diverse range of
materials including geomaterials (see overview in Viggiani
and Hall, 2008). In the ﬁeld of geotechnical engineering, DIC
has been used to monitor the deformation processes of
materials in laboratory tests in the past (e.g., White et al.,
2003). DIC is essentially a mathematical tool for assessing the
spatial transformation between images. The principle of DIC is
to assess the displacement ﬁeld over the full-ﬁeld of a tested
material by comparing two images obtained at different
deformation stages.
The practical implementation of DIC for determining the
displacement ﬁelds ﬁrst involves the identiﬁcation of small
regions distributed in the ﬁrst image, and then ﬁnding the
equivalent regions in the subsequent image. The unique
character of the small regions that permits their co-
identiﬁcation using the acquired images is given by the
material structure or texture in the digital images. Therefore,
embedded markers or manual correction of displacement ﬁelds
is not necessary. In the application of DIC to CT images, grey
value distributions owing to differences of soil particles or
distribution of void space can be the source of the unique
identiﬁcation of the sub-regions.
The DIC analysis presented in this paper is based on the
method proposed by Hall (2006), which can provide the 3D
volume of displacement vectors between in-situ acquired CT
images at different loading stages. The DIC analysis presented
in this paper follows the same basic steps as most DIC
procedures for strain analysis, as summarised in Fig. 4:
Node point
Correlation window Search window
Maximum NCC (best correlation)
Search windowFirst image Second image
Maximum NCC
First image Second image
Fig. 4. Procedural steps of DIC analysis.
Table 1
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Parameters for the DIC analysis.Acquisition of several sets of CT images of a sample during
a loading test (Fig. 4(a))Voxel size (mm) 0.073 0.073 0.32) Deﬁnition of nodes distributed over the ﬁrst image (Fig. 4(b))
Image size (Voxel) 900 900 3433)
Interval of the nodal points (voxel) 20 In horizontal and 5 in verticalDeﬁnition of a region centred on each node (the correlation
window) (Fig. 4(b))Size of the correlation window (voxel) 10 10 104)
Size of the search window (voxel) 35 35 15Calculation of a normalised correlation coefﬁcient (NCC)
for all 3D displacements of the correlation window within
an area (the search window) around the target node in the
second image (Fig. 4(c))700
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3 150 kPaDeﬁnition of the discrete displacement (integer number of
pixels), given by the displacement with the best correlation
(Fig. 4(c))s
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50 kPaSub-pixel reﬁnement of the displacement vectors (because
the displacement values rarely equal to an integer numbers
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Fig. 5. Stress–strain curves.Calculation of the strain tensor based on the derived
displacements and a continuum assumption
A correlation coefﬁcient is deﬁned in accordance to the
following equation:
NCC u; v;wð Þ ¼
P
x; y;z I1 x; y; zð Þþ I2 xþu; yþv; zþwð Þð Þ2P
x; y;z I1 x; y; zð Þ2þ I2 xþu; yþv; zþwð Þ2
  1
ð2Þ
where NCC (u, v, w) is the NCC, I1 and I2 are the CT values in
the ﬁrst and second images, (x, y, z) is a coordination of the
local node deﬁned over the ﬁrst image, and (u, v, w) is a
coordination of the displacement around the node in the
second image. NCC varies from 1 to 1 (perfect match).
The sub-pixel reﬁnement was conducted by ﬁnding the
maximum of the interpolated correlation coefﬁcient over a3 3 3 volume of displacements about the best integer
displacement at each node. Parameters for the DIC analysis
performed in this study are listed in Table 1. The nodal points
were arranged at intervals of 20 voxels in the horizontal
direction and 5 voxels in the vertical direction. The distance
between the two nodal points in the horizontal direction and
the length in vertical direction was the same because the
thickness of the voxel exceeds its length.
The resolution or accuracy of the DIC results depends on
various factors. Accuracy is affected by the contrast intensity and
D. Takano et al. / Soils and Foundations 55 (2015) 906–915910noise level in the original image as well as the algorithm used to
deﬁne the correlation coefﬁcient. The resolution of the DIC result
is affected by the resolution of the original images and by the
arrangement of the nodal points. Moreover, the size of theAxial strain (%)
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Fig. 7. 3D reconstructed images of tested specim
Fig. 8. Vertical cross-section of tested specimen under acorrelation window has an inﬂuence on the accuracy of the
identiﬁcation. Thus, the selection of the most appropriately sized
correlation window depends on the quality of the original image.
3. Results and discussion
3.1. Mechanical behaviour
Fig. 5 shows the deviator stress–axial strain responses from
both the triaxial compression tests at the conﬁning pressures of
50 and 150 kPa presented in this study. The annotations on
Fig. 5 (initial, A, B, C, and D for the 50 kPa test, and initial, 1,
2, 3, and 4 for the 150 kPa test) indicate the temporal moments
of the CT scans. Both curves show similar behaviour. First,
there is a roughly linear increase that is followed by a
curvature of peak stress at around 7% of axial strain. The
deviator stress then decreases until the end of the test where a
plateau begins. As expected, the 150 kPa specimen presentsen under a conﬁnement pressure of 50 kPa.
conﬁnement pressure of (a) 50 kPa and (b) 150 kPa.
Fig. 9. Displacement vector distributions obtained using the grain tracking method (from Watanabe et al., 2012).
D. Takano et al. / Soils and Foundations 55 (2015) 906–915 911stiffer behaviour with higher values of deviator stress. Note
that there are some stress relaxation phases owing to no-
loading periods during CT scanning. Most of the relaxation
occurs almost immediately after the loading is stopped, and not
over the entire scanning period. In the presented study, it was
not possible to measure the volumetric change from the
movement of the pore ﬂuid because specimens were tested
under air-dried conditions. However, the total volume of the
specimens was determined with good accuracy by integrating
the number of voxels inside the boundary of the specimen,
including the grains and the pore spaces, based on 3D CT
images. Fig. 6 shows the volumetric strain curves calculated
using the above method as a function of axial strain. Note that
the volume of the compression is presented as a positive value
in Fig. 6. Both specimens exhibit a volume expansion at all
axial strain levels. The 50 kPa specimen shows a larger
volumetric change compared to the 150 kPa specimen.3.2. Direct observation of CT images
Fig. 7 provides an example of the reconstructed 3D CT
images under a conﬁning pressure of 50 kPa. The load was
applied on the top of the specimen and the localised zone
developed by the end of the loading. Fig. 8 shows a series of
vertical cuts through the CT images (2D CT slices) in the
middle part of the specimen at different scanning stages in the
test, as shown in Fig. 3. These slices are roughly perpendicular
to the ﬁnal plane of localisation obtained at the end of the tests.
The images from the tests at 50 kPa and 150 kPa are presented
in the top and bottom parts of the ﬁgure, respectively. In Fig. 8,
the darker shades of grey in the CT images represent areas of
relatively low density, and the lighter grey shades represent
higher density locations. The areas depicted with a black colour
inside and outside of the specimen represent air, and the darker
grey shades in the soil mass represent low-density zones or
bands indicative of strain localisations. In these vertical slices,
the spatial variation in the soil density is clear and owing to
the wide range of grain sizes and the given spatial resolution,
the specimens appear to be those of a soil with large
grains embedded in a matrix of ﬁne grains (smaller than theresolution). Both series of vertical sections along the tests show
the shortening of the specimen owing to the axial loading from
the top, and the well-known barrelling effect caused by the
friction at the top and bottom boundaries. Based on these
images, corresponding to the 50 kPa test, some areas with a low
density appear at step B (i.e., at the stress peak) in the upper part
of the specimen, mainly in the middle and the top-right and top-
left corners. At step C, the previously identiﬁed low-density
areas in the middle and the top-left corner develop and form one
localised low-density band inclined from the top-left to the
bottom-right. Additionally, the low-density zone spreads wider
vertically. At the end of the test, (i.e., at step D), it is evident that
the low-density band is clearly formed and the specimen is
divided in two rigid bodies. For the 150 kPa test, the scenario is
roughly the same with a low-density zone appearing at the peak
stress and developing into an inclined low-density band from
the left-top to the right-bottom. For both tests, the CT images
clearly show that only after the peak stress the strain is localised
in a dilative inclined band.
In a previous study completed by some of the authors of this
work (Watanabe et al., 2012), the displacements of soil
particles were visualised using the proposed particle tracking
method. In order to track all soil particles, it was necessary to
visualise and segment all the particles in the specimen.
However, the size of the soil particles varied considerably,
and this was especially true for the soil used in the previous
study. Thus, it was not possible to segment all the particles on
the CT images because of the lack of the spatial resolution
upon use of the CT apparatus. For these reasons, the proper
size of the soil particles was selected for tracking to achieve
optimum image analysis. Under these conditions, the size of
the particles was relatively larger than the voxel size and the
particles segmented separately. Fig. 9 shows 3D displacement
vectors for some of the soil particles tested under a pressure of
50 kPa. In these images, 3D displacement vectors provide the
trend of movements of typical particles. However, in order to
determine the mechanical properties of soil, such as the
localised deformation or failure, more quantitative information
about the strain ﬁeld is required. In order to achieve further
quantitative analysis of the strain ﬁeld, one of the solutions is
to increase the spatial resolution of CT images by making the
D. Takano et al. / Soils and Foundations 55 (2015) 906–915912soil specimen smaller, or by using an X-ray detector with a
higher resolution. However, a major modiﬁcation of the X-ray
scanner is required for the use of a high-resolution X-ray
detector. On the other hand, if the specimen becomes smaller,
it is also not clear that the mechanical response will be
representative of characteristic wide-graded sand. The DIC
image analysis technique, known as “pattern matching”, used
for tracking the pattern of the image texture, is utilised in this
study for further quantitative analysis of the strain ﬁeld of
wide-graded sand. As shown in Fig. 8, CT images of
Yamazuna sand have a rich inner grain matrix contrast. It is
thus considered that CT images in this study are suitable for
DIC analysis.0 2 4 6 8 10 12 14 16
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DIC results.
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0.0 mm
Initial-1 1-2
Fig. 11. Displacement vector on vertical3.3. Digital image correlation results
The CT images were analysed using 3D volumetric DIC in
order to obtain the full incremental displacement and strain
ﬁeld for each loading step. Fig. 10 shows the comparison of
the volumetric strain curve between results elicited by the
integration of the number of voxels inside of the boundary of
the specimen and the results elicited by the DIC analysis, as
shown in Fig. 6. The volumetric strain of the DIC analysis
shown in Fig. 10 is the averaged values of the entire specimen
in which voxel values of the volumetric strain map inside the
specimen were accumulated and divided by the number of
voxels inside the specimen. Although the DIC results under-
estimate the volumetric strain at the ﬁnal stage of the triaxial
loading (15% of axial strain), both results show good agree-
ment. It can thus be inferred that the DIC results elicit good
accuracy and allow for a discussion of the localised deforma-
tion of wide-grained sand. The underestimation of the DIC is
thought to have derived from the error of the pattern matching
at the ﬁnal step of loading (increment C-D for a pressure of
50 kPa or increment 3–4 for a pressure of 150 kPa). In other
words, at the ﬁnal step of loading, deformation concentrates on
one shear band and the matrix of sand grains is disturbed.
Therefore, some part of the patterns in the shear bands cannot
be correlated properly. This error can be improved by setting
the acquisition of the CT scans with smaller axial strains.
Fig. 11 presents the distribution of the displacement vectors
overlaid on the map depicting the amount of the incremental
displacement on the vertical plane parallel to the loading axis atB-C C-D
3 mm3.0 mm
2-3 3-4
cross-section obtained by 3D-VDIC.
Fig. 12. Distribution of maximum shear strain.
D. Takano et al. / Soils and Foundations 55 (2015) 906–915 913almost the same position as the vertical slices presented in
Fig. 8. In both test cases, it can be seen that the localised
deformation gradually developed as axial strain progressed. The
specimens separated into two rigid bodies at the top-right and
bottom-left, and the discontinuity between the two parts became
stronger with the progression of the loading. Interestingly, an
inhomogeneous distribution of the deformation is developed
even when the specimens are subjected to low-level of axial
strain (at increments of initial-A and initial-1 in Fig. 11).
The strain ﬁelds can be obtained using continuum
mechanics deﬁnitions. Fig. 12 shows the distribution of the
incremental maximum shear strain at a vertical cross-section
for the 50 kPa (top) and 150 kPa tests (bottom). The black
colour represents strain greater than 60% and the white colour
represents no strain. The edges of shear-localised zones are
highlighted by the dashed lines in Fig. 12.
In the 50 kPa test, while the shearing zone cannot be
observed clearly at incremental Initial-A, several light grey
areas are distributed over the specimen. The light grey zones
subsequently become a wide, inclined zone of shearing from
the left-top to the right-bottom at the increment A–B, just
before the peak stress. At increment B–C, just after the peak
stress, the shear strain is localised mainly in the inclined zone
from the top-left to the bottom-right. Moreover, another
localised zone appears crossing the main shear band. At the
increment C-D, at residual stress, the shear is only localised in
the band from the top-left corner, which corresponds to theband previously observed in the CT images. For the 150 kPa
test, the scenario is roughly the same except that only one
inclined shear band evolves through the test. At the incre-
mental Initial-1, multiple layers of shear bands can be
observed. Although the specimen was prepared by tamping,
the locations of the multiple layers are not at the same position
as the tamping boundaries. This feature indicates that the strain
localisation starts forming before the peak stress.
The shear strain is localised in a wide, diffuse, inclined zone
from the top-left to the bottom-right corners before the peak
(increment 1–2). The zone starts to concentrate after the peak
with an increase of the axial strain (increments 2–3 and 3–4).
In the increment 2–3, a narrower localised band develops at the
upper boundary of the diffuse, wide band, as indicated by the
arrows in Fig. 12(b). Moreover, at the ﬁnal step of the test, the
wide band contains two narrower shear bands at the upper and
lower boundaries. These results clearly show the evolution of
the shear strain from the two inclined shear bands before the
stress peak into a single band, and after the peak, for both the
50 kPa test and for the 150 kPa test. Moreover, it can be seen
that the band starts as a wide, diffuse zone, and converges into
a narrow one in which the shear strain increases with increases
in axial loading. It is also clear that the localised zone is not
uniform and that there is an internal structure consisting of a
number of bands overlapping one another has more intense
localisations inside them. The interesting feature is that a
similar internal structure of the localised zone was also
Fig. 13. Distribution of volumetric strain.
D. Takano et al. / Soils and Foundations 55 (2015) 906–915914observed in the narrow-grained sand, as that reported by Hall
et al. (2010b). However, the thicknesses of the shear bands at
the ﬁnal step (C-D and 3–4) were 10.9 mm (21D50) for
50 kPa, and 16.8 mm (30D50) for 150 kPa. These values are
relatively larger than the result (17D50) of Hall et al. (2010b).
This difference may be derived from the wide-grain size
distribution. In other words, grain interlocking may be well-
developed in wide-graded sand because the single grain in the
specimen has a larger contact surface among other particles
compared to narrow-graded sand.
Fig. 13 shows the distribution of the incremental volumetric
strain in the same vertical cross-sectional position for the tests
under the pressures of 50 kPa (top) and 150 kPa (bottom), as in
Fig. 8. The white colour represents a volumetric strain of
30% or less (i.e., dilation in accordance to the soil
mechanics convention), and the black colour represents a
compressive strain greater than 30% (i.e., compression). Note
that the horizontal bands appearing in dark or bright colours in
Fig. 13(a) may be artefacts or the result of a tamping layer in
the sample. For the 50 kPa test, the volumetric strain indicates
dilation as the loading increases. Before the stress peak, and
although widely diffused shear bands have been formed in the
shear strain ﬁeld (Fig. 12) in the incremental initial-A and A-B,
no localised volumetric change is observed in the volumetric
strain ﬁeld. At the incremental frame B-C, zones of dilation
appear in the shear band. At the incremental frame C-D, zones
of dilation tended to develop. A total of 70.8% of the voxels
inside the shear band were dilated. However, some compres-
sion areas were also distributed through the entire band. Forthe 150 kPa test, at the incremental initial-1, and similarly to
the shear strain maps, multiple horizontal compression layers
appear in the entire specimen. The thickness of each compres-
sion layer is about 1 mm. After the stress peak, it is observed
that the dilation area appears from the top-left to the bottom-
right. At the increment 3–4, 60.2% of voxels inside the shear
band show volumetric expansion. Some compression occurs
throughout the dilation band as observed in the case of the
conﬁning pressure of 50 kPa. It is a common observation from
both tests that the volumetric changes in the shear band are
larger than outside the bands.
The results from the DIC clearly demonstrate that XRCT
alone is insufﬁcient to fully characterise the shear localisation
process. For instance, the shear band is only detectable in this
study after peak stress, once the local volumetric strain is large
enough to be ‘seen’ with XRCT. The combined use of XRCT/
DIC is a powerful method to make a detailed characterization,
both qualitatively and quantitatively, of the process of shear
localisation in space and time.
4. Conclusions
CT images of sand under triaxial compression at two
different conﬁnement pressures were obtained and analysed
using 3D-VDIC with particular interest in the characteristics of
the strain localisation process. The combination of X-ray CT
and 3D-VDIC was applied to a standard geotechnical sample
size and wide-grained soil. Three-dimensional incremental
strain ﬁelds were obtained and the shear localisation process
D. Takano et al. / Soils and Foundations 55 (2015) 906–915 915was characterised in detail with regard to both space and time.
In particular, it has been shown that the shear band starts
before the stress peak as a wide, diffuse zone, and then
narrows into a concentrated shear zone after the peak. More-
over, a certain degree of structure has been observed in the
band with multiple narrow concentrated bands overlapping one
another. However, it should be noted that only two tests were
analysed in this paper. More tests under different conditions,
such as a wider range of conﬁnement pressure or loading rate,
have to be conducted to fully characterise the strain localisa-
tion in this sand.
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